Myelin, formed by oligodendrocytes (OLs) in the CNS, is critical for axonal functions, and its damage leads to debilitating neurological disorders such as multiple sclerosis. Understanding the molecular mechanisms of myelination and the pathogenesis of human myelin disease has been limited partly by the relative lack of identification and functional characterization of the repertoire of human myelin proteins. Here, we present a large-scale analysis of the myelin proteome, using the shotgun approach of 1-dimensional PAGE and liquid chromatography/tandem MS. Three hundred eight proteins were commonly identified from human and mouse myelin fractions. Comparative microarray analysis of human white and gray matter showed that transcripts of several of these were elevated in OL-rich white matter compared with gray matter, providing confidence in their detection in myelin. Comparison with other databases showed that 111 of the identified proteins/transcripts also were expressed in OLs, rather than in astrocytes or neurons. Comparison with 4 previous myelin proteomes further confirmed more than 50% of the identified proteins and revealed the presence of 163 additional proteins. A select group of identified proteins also were verified by immunoblotting. We classified the identified proteins into biological subgroups and discussed their relevance in myelin biogenesis and maintenance. Taken together, the study provides insights into the complexity of this metabolically active membrane and creates a valuable resource for future in-depth study of specific proteins in myelin with relevance to human demyelinating diseases.
M
yelin is a biologically active multilamellar membrane that is formed by oligodendrocytes (OLs) in the CNS and ensheathes axons. Communication between myelin and axons is critical for axonal functions, including rapid nerve conduction, survival, and cytoskeletal organization (1) . The loss or damage of the myelin sheath results in serious neurological diseases such as multiple sclerosis. In addition, defects in myelin are correlated with schizophrenia (2) and age-dependent decline in brain function (3) .
To prevent or ameliorate diseases of myelin, it is essential to understand the mechanism of its biogenesis and maintenance, which requires the identification and functional characterization of all myelin proteins-that is, the myelin proteome. Taylor et al. (4) reported the first rodent myelin proteome, and several studies then expanded it (5-7). Each study identified some additional proteins and others that were identified in previous proteomic studies, suggesting that no single identification method could successfully identify all myelin proteins. Nevertheless, these studies highlighted the complexity of myelin in rodents, which commonly are used as models for human disease. However, to apply this knowledge to diseases of human myelin, it is essential to establish a human myelin proteome and compare it with that in rodents.
Here, we present a large-scale undertaking that combines proteomics of human and mouse myelin and microarray analysis of human white and gray matter. It brings together information from multiple sources, including the extensive transcriptome database of Cahoy et al. (8) , to provide the field with a comprehensive picture of the numerous proteins not only of human myelin but also of those whose transcripts are enriched in human CNS white matter over gray matter and in purified rodent OLs over astrocytes and neurons, providing increased confidence in their identification in myelin. Performing human and mouse myelin proteomic analyses in parallel has allowed us to present at least 308 target proteins that are definitively present in myelin fractions of both species; thus, an investigation of them in mice clearly will be relevant for human studies. Further, a comparison of all the proteins that have been identified in 4 previous proteomes (4-7) has provided the identity of 163 additional proteins, many of which previously were unrecognized as being components of myelin. Based on our comprehensive analysis, we have short-listed 64 potentially interesting proteins for future in-depth analysis and, as an example, demonstrated by immunoblot analysis that 8 of these proteins are indeed reproducibly present in multiple human myelin samples. These analyses provide a valuable foundation and database for future studies to understand the functional implications of the presence of these proteins in normal human myelin and in the pathology of human myelin diseases.
Results and Discussion

Characterization of Human Myelin Samples for Proteomic Analysis.
Myelin was purified from whole mouse brain and from multiple smaller sections of human brain from 4 subjects [supporting information (SI) Fig. S1 ]. Because these brain sections varied in their yield of myelin as a result of differences in their white matter content, we first asked if myelin that was purified from these sections using sucrose density gradient fractionation (see Materials and Methods) was similar with respect to its content of myelin proteins. Therefore, levels of major myelin proteins [2Ј, 3Ј-cyclic-nucleotide 3Ј-phosphodiesterase (CNP), myelinassociated glycoprotein (MAG), myelin basic protein (MBP), myelin OL glycoprotein (MOG) and OL-specific protein (OSP), myelin proteolipid protein (PLP)] were examined in 11 different samples from 4 human subjects through immunoblotting of the ''main band fraction'' of myelin (Fig. 1A) . Each myelin sample showed similar intensities of signal, suggesting similar contents of myelin proteins in these samples.
It has been noted in rodents that myelin purification by sucrose density gradient centrifugation enriches compact myelin proteins in the lowest-density main band fraction, whereas axolemmal proteins are enriched in the high-density ''pellet fraction'' (9) . To examine if this holds true for human myelin and to evaluate the relative contamination by neuronal and astrocytic proteins of the main band fractions, we analyzed 3 major myelin proteins (MOG, MBP, and PLP), 2 neuronal proteins [contactinassociated protein-2 (Caspr-2) and postsynaptic density-95 (PSD95)], and 1 astrocytic protein (GFAP) by immunoblotting (Fig. 1B) . Our results indicate that all samples of human myelin fractionated in a similar manner as rodent myelin, with enrichment of myelin proteins in the main band fraction and relatively minimal contamination of this fraction by neuronal and astrocytic proteins.
Therefore, we conclude that sections of human brain do not need to be precisely matched for white matter content, patient age, or sex for representative proteomic analysis of human myelin and that the main band fractions from any of the myelin samples are suitable for representative MS analysis of human myelin proteins.
Protein Identification by Sequential 1-Dimensional PAGE and Liquid
Chromatography/Tandem MS. Myelin samples from human subjects 3 and 4 ( Fig. S1 ) and P35 mouse brains were separated by 1-dimensional gel electrophoresis, followed by peptide extraction and analysis by liquid chromatography and tandem MS (LC-MS/MS). This method avoids some of the limitations that are inherent to the commonly used 2D-PAGE separation method. For example, in 2D-PAGE, a protein must be prevalent enough to be excised. Using the 1-dimensional method, in-gel tryptic digestion of slices from the whole gel avoids the need for individual proteins to be recognized. One-dimensional PAGE also avoids the bias of 2D-PAGE that causes exclusion of specific protein populations (e.g., high-molecular-weight and basic proteins), which often remain unidentified; for example, MAG and MOG, which were not detected in previous studies (4, 6) , were detected by the present technique.
Duplicate analysis was performed on all samples because earlier studies indicated that 1 MS analysis is not sufficient for exhaustive protein coverage (10) . Consistently, in the present study, we detected additional proteins upon reanalysis of the same sample (average of 26% more proteins for human subjects 3 and 4 and 21% for mouse). However, despite this increase, certain known myelin proteins, such as connexin-32, remained unidentified.
Combining identified proteins from the duplicate analysis of both human subjects, we detected a total of 678 proteins in human myelin fractions ( Fig. 2A) . Similarly, 515 proteins were identified from mouse myelin fractions. Venn diagram comparisons showed that 308 proteins overlapped between human and mouse myelin. These proteins, belonging to various functional groups ( Fig. 2B ), are listed in Fig. 3 and will be the main focus of the present study. The complete list of all of the identified proteins is provided in Table S1 .
Although some of the proteins that fell outside the commonly identified protein category may represent true biological differences between the species, for the most part it seems unlikely to be the case because of the technical limitations of MS. For example, proteins with slightly different amino acid sequences (e.g., human and mouse homologues) may have peptides with different physicochemical characteristics, resulting in the detection of these proteins in one species but not in the other. In addition, incomplete sampling of complex mixtures may preclude the identification of all proteins in a given sample (as described earlier). Consistent with this, immunoblot analysis of (Fig. S1 ). Yield (%) is based on the amount of myelin protein (main band fraction) obtained from the total protein present in the starting brain homogenate. Equal amounts of proteins (5 g) from main band myelin fractions were analyzed by immunoblotting for 6 specific major myelin proteins (CNP, MAG, MOG, MBP, OSP, and PLP). Note that each myelin sample showed similar intensities of signal, suggesting similar contents of myelin proteins in these samples. (B) Homogenate (Ho), prepared from 6 samples of normal human brain that were obtained from different regions of 4 subjects and from a whole mouse brain, was fractionated by sucrose gradient centrifugation, and 4 fractions floating at increasing densities of sucrose were collected (MB, main band; Di, dispersion; HB, heavy band; Pe pellet). For each sample, an equal amount of total protein (5 g) was analyzed by immunoblotting for 3 major myelin proteins (MOG, MBP, PLP), 2 neuronal proteins (Caspr-2, PSD-95), and 1 astrocytic protein (GFAP). Blots are from different experiments and are intended only to show the relative distribution of each protein in the 4 fractions. Note that all samples of human myelin fractionated in a similar manner as rodent myelin, with enrichment of myelin proteins in the main band fraction and relatively minimal contamination of this fraction by neuronal and astrocytic proteins. *Samples used for MS analysis. 6 proteins, as an example, showed that proteins that were not identified by MS in one species could be identified by immunoblot analysis in that species (Fig. S3 ). MS identifications also may vary from protein to protein, even within the same family. For example, among the tetraspanin family, CD9 and plasmolipin were identified only in human, even though they also were expressed in mouse myelin, as shown by immunoblotting for CD9 (Fig. S3 ) and by a literature search for plasmolipin (11) . CD81, to the contrary, was identified in both species, whereas MAL/ MVP17 was not detected in either human or mouse samples because its amino acid sequence precludes it from MS detection (see SI Methods). These data emphasize the limitations of MS analysis and show that non-identification of a protein by MS does not prove conclusively that it is absent from the sample. Thus, the current overlap that is seen between human and rodent proteomes is most likely an underestimation.
Comparison of the commonly identified proteins in this study with 4 other myelin proteomes (4-7) has validated more than 50% of these proteins. Considering the technical differences among the 5 approaches, the significant overlap provides considerable confidence in their identification. This comparison also has revealed the presence of 163 proteins that have not previously been described in any other proteome, thus providing insights into the complex composition of myelin ( Fig. 3 and Fig. S2 ).
Validation of MS Identification. The rigorously purified main band myelin fraction that was used in this study was highly enriched in myelin proteins, and negligible amounts of neuronal and astrocytic proteins were detected on the immunoblots (Fig. 1B) . However, it is difficult, if not impossible, to obtain totally ''pure myelin,'' presumably because of high-affinity interactions between myelin and axolemmal membranes (9) . Given the high sensitivity of MS detection, it is likely that some axonal or astrocytic proteins exist in our (and previous) myelin proteomes. To address this issue and increase confidence in the MS identification of proteins in purified myelin fractions, we argued that if a protein or mRNA that encodes a protein is expressed by OLs, the cellular source of myelin, it should be a true myelin component. We therefore used different criteria to help ascertain the cellular origins of proteins that were identified in our proteome.
First, we compared our database with other studies, primarily the transcriptome database of OLs, neurons, and astrocytes that were isolated from rodent brains (8, (12) (13) (14) (15) (16) (17) (18) . Among the 308 proteins, there were at least 111 proteins in our myelin proteome whose mRNA or protein was expressed by OLs (Fig. 3 , column O, red and tan boxes). Interestingly, 64 of these also were highly enriched in OLs, not in neurons, and rarely in astrocytes [supplemental tables 4-6 and 17-19 of Cahoy et al (8) ; see SI Methods]. This group of proteins, which are short-listed in Fig.  S2 , is likely to play a preferential role in OL/myelin biology. Some mRNAs, which were expressed in 2 or more cell types, possibly have common functions in these cell types. For example, mRNA that encodes RAC1 is expressed by OLs and astrocytes. Relative intensities of mRNA signals for these proteins was determined by microarray analyses of human white (W) and gray matter (G). Many of these transcripts are expressed at higher levels in OL-rich white over gray matter, shown as fold enrichment (i.e., W/G ratio). In addition, to help ascertain the cellular origins of the proteins identified in our proteome, the relative enrichment of their transcripts in purified OLs (red squares in column O), neurons (column N), or astrocytes (column A) was determined through analysis of the transcriptome database of Cahoy et al. (8) and other studies (12) (13) (14) (15) (16) (17) (18) of OLs (tan squares in column O). Comparison of the identified proteins in this study with other myelin proteomes (4 -7) has confirmed more than 50% of the identified proteins and revealed the presence of 163 additional proteins in myelin that have not previously been reported in any other proteome (column U). *Human protein ID in the UniProt Knowledgebase; see Table S1 for corresponding mouse IDs. **Gene symbols as described in National Center for Biotechnology Information database are given only when different from protein ID. mRNA, microarray analysis; X, not present in array chip or transcripts below reliable detection threshold; IB, proteins validated by immunoblotting in Fig. 4. RAC1 signaling is important for myelin sheath formation (19) and growth of astrocytic processes (20) .
Second, we quantified mRNAs that encoded the 308 proteins in human CNS white and gray matter by microarray analysis. Transcripts of several proteins were highly expressed in the OL-rich white matter compared with gray matter, suggesting an association of these transcripts with myelin-producing OLs in vivo. Conversely, some other proteins, such as neurofilament peptides, which were found at low levels in human white compared with gray matter, were obviously axonal proteins that co-purified with myelin fractions. White-to-gray matter (W/G) ratios are shown in Fig. 3 to facilitate such comparisons for all the proteins. In addition, when the W/G ratios of the short-listed proteins were examined (Fig. S2) , we found that approximately half the transcripts that were enriched in OLs also were elevated 1.5 to 7.5 fold in human white over gray matter. Combining the 2 criteria has further narrowed the selection of candidates that are true myelin proteins, many of which have not been reported previously (Fig. S2) .
Third, we searched for the tissue localization of mRNAs of select proteins in mouse brain from the Allen Brain Atlas (http:// www.brain-map.org). The in situ hybridization results showed that expression of several transcripts that encoded these proteins was detected in the white matter tracts of adult mouse brain.
Last, to verify the MS and microarray identification, as an example, we performed immunoblot analysis (Fig. 4) on 8 proteins that were selected among 64 proteins from the short list (Fig. S2 ) and belonged to different functional subgroups whose mRNAs were expressed at high levels in human white matter over gray matter and whose mRNA was enriched in purified rodent OLs but not neurons or astrocytes. We reliably detected the presence of all 8 proteins [band 4.1 G, sirtuin-2, septin-4, septin-7, tubulin polymerization-promoting protein, chloride intracellular channel protein 4 (CLIC4), dihydropteridine reductase (DHPR), and N-myc downstream-regulated gene 1 (NDRG1)] on immunoblots of 11 different human myelin preparations from 4 human subjects. In addition, we also verified 6 other identified proteins (Rac-1, CD81, contactin-1, reticulon-4, RalA, and creatine kinase B) by immunoblotting.
Together, this analysis provides increased confidence in our MS detection of numerous proteins that are present in purified human myelin.
Functional Implications of Proteins Identified in Myelin Proteome. As expected, several classical myelin proteins, such as CNP, MAG, MBP, MOG, OSP, and PLP, were found in both human and mouse myelin, and are known to constitute more than 90% of total myelin proteins in the rodent. It is becoming clear from numerous proteomic analyses (4-7) that there are in fact myriad additional proteins that are present in rodent myelin. The highest number that has been identified in a single study is approximately 160 (7), but the number has been increased to 515 in the present analysis. These quantitatively ''minor'' proteins of myelin may not necessarily be ''functionally minor,'' as many of them play important roles in OL and myelin biology. For example, ermin, an OL protein involved in cytoskeletal rearrangement during the late wrapping and/or compaction of myelin (17), and Necl4, involved in myelination in the peripheral nervous system (21, 22) , were identified in this study but not in previous studies, illustrating the usefulness of this sensitive proteomic approach for identifying functionally relevant minor myelin proteins. Among the 308 proteins that were identified by this approach, we detected a variety of proteins that were involved in signaling, cytoskeletal organization, cell adhesion, protein trafficking and vesicular transport, ion transport, endoplasmic reticulum and mitochondrial function, and energy metabolism (Figs. 2B and 3 and Fig. S4 ). All these functions are critical for myelin biogenesis and maintenance.
The presence of a large number of cytoskeletal proteins in the myelin proteome was not unexpected, because the cytoskeleton is a necessary component for formation and maintenance of the myelin sheath (23) , including targeting of the major myelin proteins and mRNA to the myelin membrane (24, 25) . In addition to septin-4 and septin-7, which were verified by immunoblot analysis, several other members of the septin family (septins 2, 5, 6, 8, 9, and 11) were also detected in the myelin proteome. Microtubule proteins that were identified included ␤4-tubulin, selectively expressed by OLs (16); microtubuleassociated protein (MAP) 1B, expressed by OLs in vitro (12) ; and MAP1A, MAP2, and Tau. Interestingly, Band 4.1G and tubulin polymerization-promoting protein, reported in OLs (26), have been identified and verified by immunoblot to be present in myelin.
Biogenesis and maintenance of myelin require vesicular transport for the sorting and trafficking of proteins and lipids by OLs to the myelin membrane. Several transport proteins from related families were identified in our study from both human and rodent. For example, the small GTPase family of proteins, including those that are expressed in OLs (Rab3a, 5a, 5c, 6, and RalA) (13, 27) ; syntaxins, involved in vesicle fusion, including syntaxin-4, which is up-regulated during OL differentiation (15) ; and clathrin coat-related proteins, involved in vesicle budding, including clathrin heavy chain, AP1b1, APa1, and AP2a2, were identified. The multifunctional protein CLIC4, which exists in both soluble and membrane forms and is known to be localized to several membrane systems, including the trans-Golgi network, secretory vesicles, and plasma membrane (28) , was detected for the first time in myelin membrane by both MS and immunoblotting (Figs. 3 and 4) . NDRG1, a cytoplasmic protein that is expressed by OLs (29) and validated by immunoblotting in human myelin (Fig. 4) , has been identified as a Rab4a effector recruited to recycling/sorting endosomes in cell lines (30) .
Several mitochondrial proteins have been consistently identified in ''purified'' myelin fractions by proteomic analysis (4-7). The present study also found a large number of mitochondrial proteins in myelin of both human and mouse, including TCA cycle enzymes (e.g., aconitate hydratase) and respiratory chain enzymes (e.g., cytochrome c). Although the possibility remains that they represent a contamination of myelin (5, 7), mitochondria are known to localize in OL processes (31) and are present in peripheral nervous system (32) and CNS myelin (33) . It is likely that myelin internode mitochondria provide the ATP that is needed for the expansion of myelin membranes during myelination. In addition, mitochondrial dysfunction occurs in various demyelinating neurological diseases, suggesting the importance to human diseases.
In this large-scale proteomic analysis of human and mouse myelin, with the use of multifocal approaches, we have presented evidence that promotes confidence in our MS identification. This study has vastly expanded the repertoire of myelin proteins and revealed a more complete picture of the composition of myelin proteins that have a variety of possible functions that are relevant for myelin biogenesis and maintenance. This database is expected to serve as a roadmap for future in-depth study of both human and mouse myelin biology and the understanding of human diseases that pertain to myelin pathology.
Materials and Methods
Myelin Purification. Postmortem brains from 4 human subjects with no neurological disorders were dissected as described previously (34) and summarized in Fig. S1 . Eleven sections with varying white matter content were cut from these brains. Myelin was purified from these samples and from mouse brain (postnatal day 35; C57BL/6) by sucrose density gradient centrifugation as described previously (9) . Four fractions were collected, floating at different sucrose densities: main band (12.0%-22.5%), ''dispersion'' (22.5%-25.4%), ''heavy band'' (25.5%-26.9%), and ''pellet.'' Total protein concentrations were determined by BCA protein assay (Bio-Rad).
MS Analysis. MS was performed as described previously (35) . Briefly, main band myelin fractions (150 g protein) from human subjects 3 and 4 and mouse were separated by 1-dimensional gel electrophoresis, followed by colloidal Coomassie staining. Gel lanes were sliced, trypsinized, and extracted. Peptides were analyzed by LC-MS/MS using an LTQ ion-trap mass spectrometer. Proteins that were identified by the presence of at least 2 distinct peptides in the same sample were accepted as high-confidence identification. Duplicate analyses were performed for each sample. Further details of MS and data analysis are provided in SI Methods.
Immunoblotting. Total proteins from purified human and mouse myelin were separated by SDS/PAGE, transferred onto polyvinylidene difluoride membranes, incubated with primary antibody (1 h at room temperature) and horseradish peroxidase-conjugated secondary antibodies (1 h at room temperature), and diluted in blocking solution (5% nonfat dry milk in Trisbuffered saline solution with 0.2% Tween 20). Blots were visualized using enhanced chemiluminescence (GE Healthcare). Details of antibodies are given in SI Methods.
Microarray Analysis. Eight samples each of white matter or gray matter tissue from the same tissue block were collected from 3 postmortem human brains (Fig. S1) . RNA was extracted, and microarray and data analysis were performed as described previously (34) (see SI Methods).
